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ApoptosisDespite the broad literature on embryonic stem cells (ESCs), their derivation process remains enigmatic. This
may be because of the lack of experimental systems that can monitor this prolonged cellular process. Here we
applied a live-cell imaging technique to monitor the process of ESC derivation over 10 days from morula to
outgrowth phase using an Oct4/eGFP reporter system. Our imaging reﬂects the ‘natural’ state of ESC
derivation, as the ESCs established after the imaging were both competent in chimeric mice formation and
germ-line transmission. Using this technique, ESC derivation in conventional conditions was imaged. After the
blastocoel was formed, the intensity of Oct4 signals attenuated in the trophoblast cells but was maintained in
the inner cell mass (ICM). Thereafter, the Oct4-positive cells scattered and their number decreased along with
apoptosis of the other Oct4-nagative cells likely corresponds to trophoblast and hypoblast cells, and then only
the surviving Oct4-positive cells proliferated and formed the colony. All embryos without exception passed
through this cell death phase. Importantly, the addition of caspase inhibitor Z-VAD-FMK to the medium
dramatically suppressed the loss of Oct4-positive cells and also other embryo-derived cells, suggesting that the
cell deaths was induced by a caspase-dependent apoptotic pathway. Next we imaged the ESC derivation in 3i
medium, which consists of chemical compounds that can suppress differentiation. The most signiﬁcant
difference between the conventional and 3i methods was that there was no obvious cell death in 3i, so that the
colony formation was rapid and all of the Oct4-positive cells contributed to the formation of the outgrown
colony. These data indicate that the prevention of cell death in epiblast cells is one of the important events for
the successful establishment of ESCs. Thus, our imaging technique can advance the understanding of the time-
dependent cellular changes during ESC derivation.cted at fax: +81 78 306 3095.
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Embryonic stem cells (ESCs) are derived from the inner cell mass
(ICM) of blastocysts and retain the capacity to generate all types of cell
in the body, so called pluripotency, and have the ability to self-renew
in culture. Classically, ESCs have been established from puriﬁed ICM,
but they can now be obtained more easily from advanced blastocyst
stage embryos and also from pre-blastocyst stage mouse embryos
(Brook and Gardner, 1997; Evans and Kaufman, 1981; Martin, 1981;
Tesar, 2005).More recently, a novel technique has been established for
ESC derivation using chemical compounds as a tool. The use of acombination of a GSK3 inhibitor and two ERK inhibitors in serum-free
conditions, the so called 3i condition (now known as 2i) has markedly
improved the rate of ESC establishment (Ying et al., 2008), enabling
derivation of ESC even from those mouse and rat strains that were
previously considered to be nonpermissive for establishment of
authentic ESCs (Buehr et al., 2008; Hanna et al., 2009; Li et al., 2008;
Nichols et al., 2009a). However, surprisingly little is known about
the ESC derivation process. For example, it was not known why
some normal-looking blastocysts disappear during ESC derivation,
and why outgrown colonies are divergent both in their appearance
and in marker gene expression. Moreover, even if ESCs could be
established it was not known from which particular embryonic cells
they originated, leading to a debate on the origin of ESCs (Brook and
Gardner, 1997).
The lack of knowledge about ESC derivation may arise from the
inherent nature of embryos, insufﬁcient material being available for
detailed analysis and the generally accepted notion that derivation is a
‘delicate’ process. Thus, the events that take place during this process
were totally inside a black box. To circumvent these difﬁculties, long-
91K. Yamagata et al. / Developmental Biology 346 (2010) 90–101term live-cell imaging techniques based on a ﬂuorescent reporter
system are necessary. However, it is widely accepted that repeated
ﬂuorescent observations cause cellular phototoxicity and affect cell
viability and function (Frigault et al., 2009; Yamagata et al., 2009).
This is likely to prevent such analysis under natural conditions and
could result in artifacts.Fig. 1. Low-damage long-term live-cell imaging system for monitoring the process of ESC de
imaging. Multiple embryos recovered from Oct4/eGFP transgenic mice were placed on feede
auto x–y stage under the indicated conditions. After the imaging, some of outgrown colonie
production of chimeric mice. (B) Microscopic system for imaging. A disk-confocal unit an
direction was performed by the z-motor. All the devices were controlled byMetamorph softw
bottomed dish after 10 days imaging. The colonies are detectable by eye (yellow arrows). (
colonies are shown as DAPI (E, white), Oct4 (E′, green), Nanog (E′′, red) and merged (E′′′)
chromosomes). Ten chromosomes are surrounded by a circle. (G) Picture of chimeric mice
chimeric mouse. Pups derived from Oct4/eGFP ESCs that were long-term imaged are showWe have previously developed a live-cell imaging technique that
causes no obvious damage to the preimplantation embryo (Yamagata
et al., 2009). In that report, we constructed the imaging devices and
optimized the conditions for imaging such as intensity of excitation
and time intervals for image acquisition. Importantly, live pups were
usually obtained from embryos that were ﬂuorescently imaged fromrivation. A) Schematic diagram of the experimental procedure to evaluate the safety of
r cells in a glass-bottomed dish and immediately imaged three-dimensionally using an
s were picked and passaged to a new dish. Some of established cell lines were used for
d EM-CCD camera were attached to an inverted microscope. Sectioning in the z-axis
are. (C) Stage incubator with glass-bottomed dish for incubation of embryos. (D) Glass-
E) ESCs established after imaging were immunostained with anti-Nanog antibody. The
images. (F) Typical image of chromosome spread of ESCs with normal karyotype (40
(yellow arrows) with their ICR littermates and recipient. (H) Picture of pups from the
n (black-haired pups).
Table 1
Pluripotency of ESC lines imaged in this study.
Line
no.
With Oct4
and Nanog
expression
Karyotype
normality
Chimera mice production
No. (%) of pups per
embryos transferred
No. (%) of
chimeric pups
Germline
transmission
#5 + 69% n.d. n.d. n.d.
#6 + 63% 11/40 (27.5) 3b (27.3) –
#8 + 69% n.d. n.d. n.d.
#11 + 63% 14/40 (35.0) 4 (28.6) +
#20a + 63% 32/63 (50.8) 6 (18.8) +
n.d. not determined.
a This line was derived from a DBA/2 female and an Oct4/eGFP male.
b These chimeric pups were all females.
92 K. Yamagata et al. / Developmental Biology 346 (2010) 90–101the one-cell to blastocyst stage (about 70 h); a total of approximately
60,000ﬂuorescent imageswere taken. All the pupswere healthy, grew
up to adulthood, and were reproductively normal. The extremely low
phototoxicity of our system is probably because of the use of the
Nipkow disk confocal unit for the detection of ﬂuorescence (Nakano,
2002; Toomre and Pawley, 2006). In this unit, unlike the confocal laser
scanningmicroscope in which a single laser beam scans the specimen,
many light points obtained with multiple pinholes in the spinning
Nipkow disk produce raster scans of the whole sample at the same
time (Nakano, 2002; Toomre and Pawley, 2006). Accordingly, the
optical intensity projected on the cells is extremely low comparedwith
that of the scanning confocal microscopy and even of mercury and
xenon lamps. Thus, we attempted to apply this ‘low-damage’ imaging
technique to the processes of ESC derivation.
The POU family transcriptional regulator Oct4 (also known as Oct3
and Pou5f1) is well known for its pivotal role in pluripotency and
is expressed only in pluripotent lineages such as the ICM of the
blastocyst, the epiblast of the egg cylinder, and primordial germ cells
(Nichols et al., 1998; Niwa et al., 2000; Palmieri et al., 1994; Schöler
et al., 1990). In culture, Oct4 is expressed only in undifferentiated
embryonal carcinoma cells, embryonic germ cells, and ESCs (Palmieri
et al., 1994), and is silenced upon differentiation by epigenetic
modiﬁers (Epsztejn-Litman et al., 2008). Targeted disruption of this
gene results in a loss of pluripotency and cells cannot develop beyond
the blastocyst stage (Nichols et al., 1998), suggesting an indispensable
function of Oct4 inmaintenance of pluripotency. In this study, we used
a transgenic mouse line containing a green ﬂuorescent protein (GFP)
construct under the control of the Oct4 genomic region including both
proximal and distal enhancers (Ohbo et al., 2003), and monitored the
pattern of expression of Oct4 during ESC derivation.Materials and methods
Animals
DBA/2 males and females were purchased from Japan SLC
(Shizuoka, Japan). B6-Oct4/enhanced GFP (eGFP) transgenic mice
(C57BL/6 background) carrying eGFP under the control of an Oct4 18-
kb genomic fragment containing the minimal promoter and proximal
and distal enhancer was originally provided from the BioResource
Center in Riken and propagated by mating homozygous males andFig. 2. Time-lapse images of ESC derivation by the conventional method. (A) Typical image of
The time after starting observation is indicated at the top of the panel (day:hour). The ﬂuore
projected into one picture and merged with light microscopic images. The bottom ima
was computer-generated based on the 41 images acquired in the z-axis. (B) Another exa
(arrows). (C–E) Abnormal patterns of ESC derivation. Representative images were chosen fr
the top of the panel. (C) Image of Type-b clone. The number of Oct4-positive cells declined a
even at the end of the imaging. (D) Image of Type-c clone. Similar to Type-d: Oct4 signals dis
clone. A clone in which Oct4 signals disappeared completely and no outgrowth was observfemales (Ohbo et al., 2003). ICR females (Japan SLC) were used as
recipients for the production of chimeric mice.
ES cell culture medium
For conventional ESC derivation medium, Knockout D-MEM (Invi-
trogen, Carlsbad, CA) supplemented with 1,000 U/ml mouse leukemia
inhibitory factor (LIF) (Millipore, Bilerica, MA), 10% Knockout Serum
Replacement (KSR) (Invitrogen), 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
2 mM l-glutamine, 1% 2-mercaptoethanol (Millipore) and 1% nucleo-
sides (Millipore) was used. For 3i medium, iSTEM (Stem Cell Sciences
UK Ltd., Cambridge, United Kingdom) supplemented with 1,000 U/ml
LIF, 100 U/ml penicillin, and 0.1 mg/ml streptomycin was used. After
the live-cell imaging, colonies were picked for trypsinization and
placed into the ESC maintenance medium. The ESC maintenance
medium contains the same components as conventional ESC derivation
medium except that 10% KSR was replaced with 10% fetal bovine
serum (FBS) (Stem Cell Sciences). All the dishes used for ESC culture
were coated with 0.1% gelatin. For the inhibition of apoptosis, 10 μM
of pan-caspase inhibitor Z-VAD-FMK (Cat. No. 3188-v, Peptide
Institute, Inc., Osaka, Japan) was added to the medium every day.
Live-cell imaging
Preimplantation embryoswere obtainedby naturalmating ofDBA/
2 and homozygous B6-Oct4/eGFP transgenic mice. The embryos were
collected from the oviduct at 2.5–3 days post coitum and denuded by
brief treatment with acidic Tyrode's solution (Sigma International,
Tokyo, Japan). Feeder cells (mouse embryonicﬁbroblasts)were spread
on gelatin-coated 35 mm glass-bottomed dishes and zona-free
embryos were placed on top of them. The dishes were transferred to
the incubator chamber (MI-IBC, Tokai hit, Shizuoka, Japan) on the
stage of the microscope and incubated at 37 °C in 5% CO2 in air. For
imaging of cell death, propidium iodide was added to the medium at
the concentration of 0.5 μg/ml. The devices and conditions for imaging
are described in our previous paper (Yamagata et al., 2009) and in
Fig. 1A. As colonies moved around during the observation, the stage
positions were adjusted approximately every 12 h.
Immunostaining
For indirect immunoﬂuorescent analysis, ESCs on glass-bottomed
dishes were ﬁxed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 30 min at 4 °C, washed three times with PBS
containing 0.2% Triton X-100 (PBS-T) and blocked with PBS-T
containing 1% normal goat serum (Vector Laboratories, Youngstown,
OH) for 1 h. Cells were incubated with primary antibodies in the
blocking solution for 1 h, washed three times with PBS-T and then
incubated with secondary antibodies in the blocking solution contain-
ing 4,6-diamidino-2-phenylindole (DAPI) for 30 minutes. After wash-
ing three times with PBS-T, Vectashield (Vector Laboratories) was
mounted, and specimens were observed under confocal microscopy
(FV1000; Olympus, Tokyo, Japan), conventional inverted ﬂuorescent
microscope (IX-71, Olympus, Tokyo, Japan), or our imaging system
(Yamagata et al., 2009). The primary antibodies usedwere anti-GFP rat
monoclonal (Nakalai Tesque, Kyoto, Japan), and anti-Nanog rabbitType-a clone. Selected images at every 12 h from a series acquired every 1 h are shown.
scent images (Oct4 expression, green) of 41 sections in the z-axis were computationally
ges represent the ‘horizontal view’ of the Oct4-positive cells in the colony, which
mple of a Type-a clone showing good outgrowth from only three Oct4-positive cells
om the time-lapse series as indicated. The time after starting observation is indicated at
nd persisted until the end of 10 days imaging. However, there was no outgrown colony
appeared but Oct4-negative cell aggregate formed instead (arrow). (E) Image of Type-d
ed.
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polyclonal (Santa Cruz Biotechnology, inc., CA).We used the following
secondary antibodies (Molecular Probes, Eugene, OR): Alexa Fluor 488
goat anti-rat IgG; Alexa Fluor 568 anti-rabbit IgG. Some of the images
were computationally processed using Volocity software (PerkinEl-
mer, MA) to show the three-dimensional structure of the colony.
TUNEL assay
Apoptosis during ESC derivation was detected by a TUNEL assay
using an in situ Apoptosis Detection Kit (TaKaRa Bio Inc., Shiga, Japan).
Brieﬂy, blastocysts derived from Oct4/eGFP transgenic females mated
with DBA/2 males were denuded and placed on the feeder-cell
covered glass-bottomed dish. Cells were ﬁxed with 4% paraformal-
dehyde in PBS for 60 min at room temperature at days 4, 5, and 6 after
plating. After treatment with 0.3% H2O2 in methanol to eliminate
endogenous peroxidase activity, cells were treated with permeabili-
zation buffer, then washed with PBS and incubated in labeling buffer
containing TdT enzyme for 90 min at 37 °C. After washing, cells were
reacted with anti-FITC horseradish peroxidase (HRP) conjugate and
the signals were detected with 3, 3′-diaminobenzidine (DAB)
(0.2 mg/ml) substrate as a chromogen.
Karyotyping
Chromosome spreads of the ESCs were performed as described in
our previous report (Suzuki et al., 1997). Brieﬂy, ESCs 1 day after
passage were treated with 0.02 μg/ml demecolcine for 2 h at 37 °C in
5% CO2 in air. Trypsin-treated cells were harvested by centrifugation,
resuspended in 75 mM KCl, and incubated for 30 min at room
temperature. After repeating the KCl treatment, ESCs were ﬁxed in
Carnoy's solution and dropped onto glass slides (Frontier, Matsunami
Glass Co., Osaka, Japan). After air-drying, the slides were observed by
phase contrast microscopy using an Olympus microscope (BX-41).
Production of chimeric animal
ESCs were trypsinized and approximately 20 cells were introduced
into theperivitelline space of 4–8-cell stage ICR strain embryos bypiezo-
assistedmicroinjection. After injection and culture, the blastocystswere
transferred into theuterus of day3pseudopregnant ICR-strain surrogate
mothers. When mature, chimeric male offspring showing dark or gray
coat colors were mated with ICR females to conﬁrm the germline
transmission of ESC lines.
Results
Establishment rate and normality of ES cell lines after live-cell imaging
A total of 32 eight-cell to morula stage embryos collected at 2.5–
3.0 days post coitumwere placed on a layer of feeder cells and imagedTable 2
Patterns of ESC derivation in conventional medium.
Z-VAD No. of embryos
imaged
Type Outgrowth Coverage of
Oct4-positive cells
E
− 32 a + ++ +
b − + +
c + − +
d − − +
+ 15b e + ++ −
f + + −
n.d. not determined.
a One colony of each type was lost by accident during pickup.
b All clones could be categorized into types-e and -f; there are no types-c and -d in this
c Strictly, a very small fraction of apoptosis was also found in the Z-VAD-FMK-added methree-dimensionally by two or three modes (light microscopy, 488
and 561 nm laser) for 10 days (Fig. 1A). We succeeded in obtaining 20
(20/32=62.5%) outgrown cell aggregates at the end of the imaging.
Of these, 18 colonies were dissociated into single-cell suspensions and
passaged to new dishes (two colonies were accidentally lost during
pick up), and 13 ESC lines were established. Therefore, the
establishment rate of ESCs was 40.6% (13/32) and this efﬁciency
was comparable to that under nonimaging conditions in our
laboratory (Wakayama et al., 2005).
We then randomly selected ﬁve ESC lines to test their normality.
Immunostaining demonstrated that the established ESC lines were all
positive for Nanog expression (Fig. 1E, Table 1). Karyotype analysis
indicated that all lines had more than 60% normal karyotype (Fig. 1F,
Table 1) and these values were comparable to those of control,
nonimaged ESC lines previously established in our laboratory by the
same method (Wakayama et al., 2006). To ascertain their pluripo-
tency, the ability of the ESCs to form chimeric mice was analyzed
using three cell lines. Chimeric mice were successfully obtained from
all three lines (Fig. 1G, Table 1). Moreover, cells of two clones were
transmitted to the germline as pups from the chimera carried the
Oct4/eGFP allele (Fig. 1H). These data strongly indicated that our
imaging technique during the ESC derivation process does no harm to
their ability for self-renewal and pluripotency. Thus the ﬁndings of
imaging under these ‘natural’ conditions are convincing.Time-lapse observation of the derivation process of ES cell lines
The spatiotemporal changes of Oct4 expression during ESC
derivation process is represented in detail in Fig. 2A and Supplemental
movie 1. At the beginning of imaging, all the embryos were positive
for GFP signals, as expected (Palmieri et al., 1994). The Oct4 signals in
all of the blastomere cells were retained for a time until the blastocoel
was formed (at 002:00–the elapsed date and time from the start of
acquisition). As the cavity expanded, the signals in the trophectoderm
(TE) decreased in a time-dependent manner, whereas the ICM
retained its signal intensity (002:12–003:12). During this period,
the cluster of Oct4-positive cells ascended immediately (see horizon-
tal view). After the cavity had collapsed, Oct4-positive cells dropped
to the bottom and located in the aggregate (004:00). Thereafter, cells
located at the periphery of the aggregate, most likely derived from the
TE lineage, showed cell death in which cells scattered, the plasma
membrane became transparent and cell debris was produced
(004:12–006:12). Interestingly, the Oct4-positive cells, corresponding
to the epiblast cells, detached from each other and their number also
declined, presumably by a similar process of cell death as that
observed for the TE cells. We termed this period the cell death phase.
In an extreme case, only three cells remained after the cell death
phase (Fig. 2B and Supplemental movie 2). However, these survived,
outgrew, and formed a colonywith intense Oct4-positive ﬂuorescence
by the end of imaging. The colonies showing the above behavior werextent of apoptosis No. (%) of clones
categorized
No. of clones
passaged
No. (%) of ESC l
ines established
15 (46.9) 14a 13 (92.9)
5 (15.6) n.d. n.d.
+ 5 (15.6) 4a 0 (0)
+ 7 (21.9) n.d. n.d.
c 5 (33.3) n.d. n.d.
c 10 (66.7) n.d. n.d.
condition.
dium.
Fig. 3. Characterization of Oct4-negative outgrown colonies by immunostaining. After
10 days of culture in conventional medium, Type-a and Type-c colonies were ﬁxed and
stained with antibody to the hypoblast marker Gata4 (red). Images of differential
interference contrast (DIC) and the expression of Oct4 (green) are also shown.
95K. Yamagata et al. / Developmental Biology 346 (2010) 90–101categorized as Type-a, and 15 of 32 (46.9%) colonies were included in
this category (Table 2).
Five embryos showed similar behavior to Type-a until the cell death
phase (around day 6), but no or a very small cell aggregate with only
faint Oct4-positive signals were observed even after 10 days of culture
(Type-b, Fig. 2C, Supplemental movie 3). In another ﬁve embryos,
although the number of Oct4-positive cells declined with a pattern
similar to the above, Oct4-negative cells expanded to form a colony.
(Type-c, Fig. 2D, and Supplemental movie 4). And these colonies were
found to be positive for the hypoblast marker Gata4 (Fig. 3). Lastly, the
remaining seven embryos, categorized as Type-d, showed loss of Oct4-
positive cells together with TE during the cell death phase and no cell
aggregates were observed after the imaging (Fig. 2E and Supplemental
movie 5). The frequency of each type of derivation pattern is
summarized in Table 2. Importantly, althoughwewere able to establish
ESC lines from Type-a clones with high efﬁciency (13 of 14, 93.3%), no
lines could be established from Type-c clones (0 of 4, Table 2).
Apoptotic cell death phase in the ESC derivation process
To further investigate the presence of the cell death phase during
the process of ESC derivation, propidium iodide (PI) was added to
the medium for imaging (Fig. 4 and Supplemental movies 6, 7). PI
is known to be taken in by dead cells through the damaged cell
membrane and stains the nucleus. It is routinely used in ﬂow
cytometric analysis to detect dead cells. As expected, the majority oftrophoblast cells became PI-positive after the collapse of the cavity
(Fig. 4A, Supplemental movie 6). In addition, some of the Oct4-
positive cells also took up PI and subsequently lost their eGFP signals
(Fig. 4B). After the formation of an outgrown colony, the majority of
the cells located in the peripheral region became positive for PI
(Fig. 4D). In Type-d clones, the Oct4-positive cells gradually took up PI
and lost green ﬂuorescence, and eventually all Oct4-positive cells
became PI-positive and disappeared (Fig. 4C, Supplemental movie 7).
We next analyzed whether the cell death during ESC derivation
occurred by apoptosis. The colonies were ﬁxed at days 4, 5, and 6 after
the plating of embryos and TUNEL assays were performed. DAB-
positive cells representing apoptosis were detected and their numbers
increased day by day (Fig. 4E). These data indicated that the
widespread cell deaths in trophoblast cells and also in part of the
epiblast cells were caused by apoptosis.
To conﬁrm the presence of apoptotic cell death, pan-caspase
inhibitor Z-VAD-FMK was added to the medium and its effect on the
conventional derivation process was observed. As shown in Fig. 5, Z-
VAD-FMK dramatically inhibited the death of Oct4-positive epiblast
cells and trophoblast cells; the massive cell death (indicated by PI
uptake) that usually occurs from day 2 to day 5 post-plating was
signiﬁcantly repressed, resulting in the increment or persistence of
epiblast cells during the cell death phase (Figs. 5A and B, Supplemen-
tal movies 8 and 9). However, in these conditions two-thirds of the
clones failed to show outgrowth of Oct4-positive cells, probably
because the Oct4-negative cells (most likely corresponding to
trophoblast and/or hypoblast cells), which usually die during this
process, persisted and proliferated around the epiblast cells (Type-f;
Fig. 5B, Supplemental movie 9 and Table 2). In some instances, Gata4-
positive hypoblast cells and Oct4-negative cells encircled the epiblast
cells like a ‘cage’ and this structure seemed to be inhibiting the
expansion of Oct4-positive cells (Fig. 5C). These results are in sharp
contrast with the Type-a colonies grown in Z-VAD-FMK-minus
medium, where only a small proportion of hypoblast and Oct4-
negative cells were found in the peripheral area of Oct4-positive
colonies (Figs. 3 and 5C). The remaining one-third of colonies was
categorized as Type-e. In this type, Oct4-positive cells somehow
escaped from this ‘cage’ and formed large clusters by the end of the
culture (Fig. 5A, Supplemental movie 8 and Table 2). Importantly, the
addition of Z-VAD-FMK caused the retention of Oct4-positive cells
after 10 days of culture even in conventional medium, and led to the
diminution of Type-c and Type-d clones, both of which lose Oct4-
positive cells during the derivation process. From these data, we
conclude that there is a massive caspase-dependent apoptotic cell
death phase, and this is one of the major causes of the loss of Oct4-
positive epiblast cells during the conventional ESC derivation process.
Imaging of ES derivation in 3i method
Finally, we applied our imaging technique to ESC derivation
process under 3i conditions. Denuded morula stage embryos were
transferred to medium containing 3i, and imaged for approximately
8 days. Consistent with the original report (Ying et al., 2008), the rate
of outgrowth was extremely high (14 of 14 clones, 100%). Similarly to
the derivation process of the conventional method described above,
only the ICM exhibited Oct4 signals after blastocoel formation
(002:00) and Oct4-positive cell clusters showed the same rise and
fall (002:00–004:00) (Fig. 6A and Supplemental movie 10). Surpris-
ingly, however, signiﬁcant differences were observed after the
collapse of the blastocoel. In sharp contrast with the conventional
ESC derivation method, neither Oct4-positive cells nor trophoblast
cells showed any dispersal behavior or cell death, and all clones grew
linearly without any hesitation in the 3i medium. In addition, the
TUNEL assay demonstrated that there were no apoptotic cells during
this period (Fig. 6B). Although, in contrast with caspase inhibitor
added medium, surviving trophoblast cells did not increase its
Fig. 4. Apoptotic cell death phase during ESC derivation in conventional medium. (A–C) The embryos were incubated in conventional medium in the presence of propidium iodide to
detect cell death and imaged. (A) Typical pattern of cell death in TE lineage cells. In top panels, Oct4-positive cells and dead cell containing PI are represented by green and red,
respectively. The bottom panels are merged images of the top panels with corresponding light microscopic images. Time-lapse images with 6 h intervals are represented. Arrows
indicate trophoblast cells with PI signals. (B) Cell death in Oct4-positive cells. Time-lapse images at 1 h intervals are represented. Arrows indicate dying cells. (C) Representation
of cell death of Type-d clone. Note that all the Oct4-positive cells incorporated PI and disappeared. (D) Fluorescent image of an outgrown colony. (E) TUNEL assay of cells at 4, 5,
and 6 days after plating. Upper panels are differential interference contrast images and bottom panels are the corresponding Oct4 expression. Black punctate signals represent
apoptotic cells.
96 K. Yamagata et al. / Developmental Biology 346 (2010) 90–101number, rather these cells were gathered to one side of the colony,
enabling the efﬁcient outgrowth of Oct4-positive cells. As a result, the
formation of colonies was approximately 2 days faster than with the
conventional method. These observations demonstrated that the
addition of these three inhibitors somehow increased the cellular
viability and accelerated the speed of ESC derivation.
Discussion
In the present paper we report the successful imaging of ESC
derivation processes without affecting the cellular potentials. To our
knowledge, this is the ﬁrst live-cell imaging of the ESC derivation
processes with a combination of ﬂuorescent reporter systems. With
this technique we showed that in the conventional ESC derivation
method there is a massive apoptotic cell death phase before Oct4-positive cells form colonies. These ﬁndings were further supported by
the detection of apoptosis by TUNEL assays. And these cell deaths of
Oct4-positive cells were restrained by the addition of pan-caspase
inhibitor Z-VAD-FMK. However, under 3i conditions we monitored a
rapid and highly efﬁcient establishment of Oct4-positive colonies
without any cell death phase. From this study we propose that the
survival or prevention of cell death during ESC derivation is one of the
key indicators for the successful establishment of true ESCs. In
addition, all epiblast cells have the potential to form ESCs if they can
survive the cell death phase.
The behavior of Oct4-positive epiblast cells during ESC derivation processes
The observations made in this study are summarized as a
schematic diagram in Fig. 7A. In the conventional derivation method
Fig. 5. Inhibition of apoptosis by addition of pan-caspase inhibitor to the conventional medium. (A, B) The two typical patterns seen in conventional medium in the presence of pan-
caspase inhibitor Z-VAD-FMK. Type-e and -f colonies are represented in panels A and B, respectively. The top panels show Oct4-positive cells (green) and dead cells containing PI
(red). The bottom panels are merged images of the top panels with the corresponding light microscopic images. Representative images were chosen from the time-lapse series
as indicated. The arrowhead indicates PI-positive cells. Arrows indicate the Oct4-positive cells that escaped from the ‘cage’-like structure consisting of a mass of Oct4-negative cells.
(C) Immunostaining of outgrown colonies with Gata4 antibody. 3D-structures were reconstructed with Volocity software. Typical images of Type-a and Type-f colonies are shown.
The right-side panels are horizontal images constructed as the view from the direction indicated by the arrows.
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death phase) after cavity formationwhen the number of Oct4-positive
cells did not increase, rather it gradually decreased. There was also
divergent behavior among clones, especially at the time when the
Oct4-positive cells were released from the cell death phase andrestarted proliferation. For example, for Type-b clones the cell death
period was extremely long and consequently outgrowth was retarded
until the end of the imaging. This type of clone may give rise to
outgrown colonies if they are kept in culture for a further period of
time. In some of the clones, all of the Oct4-positive cells disappeared
Fig. 6. Time-lapse images of ESC derivation in 3i medium. (A) Typical time-lapse image. Selected images are shown at every 12 h from a series acquired every 1 h. (B) TUNEL assay of
cells 6 days after plating. The differential interference contrast image and the corresponding Oct4 expression are represented. Note that there are no black dot signals in the colony.
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gray dotted line in the diagram). Although Type-d clones lost their
capacity for outgrowth together with their Oct4 signal, Type-c clones
gave rise to Oct4-negative colonies instead. However, no ESCs could
be established from Type-c clones suggesting that they may not be
authentic ESCs or perhaps originate from the hypoblast. Indeed, the
Oct4-negative colonies were positive for hypoblast marker Gata4
(Fig. 3). The emergence of Oct4-negative colonies is consistent with
the previous report and this could account in part for the low success
rate of ESC establishment using the conventional method (Buehr et al.,
2003).
Because apoptosis is mainly induced by caspases (Riedl and Shi,
2004), we conﬁrmed our ﬁndings by adding a caspase inhibitor to the
conventional medium. Indeed, the majority of cell death in either
Oct4-positive cells or other cell types was repressed, indicating that
the cell death observed during the conventional ESC derivation
method is mainly the result of a caspase-dependent apoptotic
pathway. Most importantly, repression of apoptosis led to the
increment and persistence of Oct4-positive cells during the cell
death phase (Fig. 7A middle panel), and these eventually led to the
extinction of type-c and -d clones (both of which lose Oct4 signals
during the cell death phase). However, although the loss of Oct4-
positive cells was suppressed by the caspase inhibitor, the overall
efﬁciency of Oct4-positive cell outgrowth did not necessarily show
dramatic improvement at the end of the imaging period (Table 2).
There were still divergent derivation behaviors among clones. Only
one-third of clones showed good outgrowth of Oct4-positive cells
comparable with that of Type-a clones (Type-e), but in the remaining
two-thirds of colonies, the number of Oct4-positive cells did not
change up to the end of culture, and eventually hypoblasts and Oct4-
negative cells encircled them like a ‘cage’ (Type-f). Because Oct4-
negative cells continuously proliferated around epiblast cells, this
phenomenon could be explained by inhibitory effects of both
trophoblast and hypoblast cells on the propagation of Oct4-positiveepiblast cells (Brook and Gardner, 1997). If so, Type-e clones can be
considered to be the result of dissociation of Oct4-positive epiblast
cells from this inhibitory effect. To improve ESC derivation with
caspase inhibitors, it may be necessary to perform immunosurgery
prior to the derivation.
In contrast, in the 3i method, all clones behaved similarly. There
was no static phase and cells proliferated exponentially (Fig. 7A
bottom panel). All the embryos gave rise to fully outgrown colonies
and authentic ESCs. As described in the original article by Ying et al.
(Ying et al., (2008)), ESCs seem to possess an intrinsic self-renewal
activity, i.e. ESCs do not require extrinsic signals for their proliferation,
and the 3i chemicals are thought to act like a ‘guardrail’, protecting the
epiblast from differentiation. It is considered that this effect of the 3i
chemicals may help epiblast cells to concentrate on proliferation and
consequently shorten the time for them to form colonies. It is
noteworthy that trophoblast cells neither died nor proliferated in 3i
condition. This observation could be explained by the inhibition of the
FGF-stimulated ERK signaling pathway by two of the 3i components,
because it is known that trophoblast cells require this signaling
cascade for their development (Nichols et al., 2009b; Saba-El-Leil
et al., 2003). The possible reasons why the epiblast cells undergo
apoptosis instead of delaying their growth when they are not
protected by the guardrail are discussed below.
The involvement of the apoptotic cell death phase in the ESC derivation
process
One possible explanation for the presence of apoptosis could be a
‘scavenging’ mechanism (Fig. 7B). Plusa et al. performed live-cell
imaging of the behavior of primitive endoderm cells in the expanded
blastocyst and found that cells showing aberrant localization in the ICM
underwent immediate apoptosis (Plusa et al., 2008). They concluded
that apoptosis is one of themechanisms for lineage speciﬁcation during
epiblast formation by eliminatingmisallocated cells. Indeed, global gene
Fig. 7. Schematic diagram of the proposed process of ESC derivation in conventional and 3i methods. (A) Difference in cell growth between conventional and 3i methods. The vertical
lines represent the rough number of Oct4-positive cells and horizontal lines represent the time. A representative picture of cells at each condition is included in the graph. (B) The
explanation for apoptosis in conventional medium and 3i medium.
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blastocyst expresses a subset of apoptosis signaling pathway genes
(Adjaye et al., 2005). Moreover, it has been reported that prolonged
culture of ICM cells in medium consisting of 50% Dulbecco's modiﬁedEagle's medium (D-MEM) and 50% FBS caused extensive apoptosis
(Alarcón andMarikawa, 2004). Alternatively, it is well known that ESCs
cultured at clonal density undergo apoptosis and differentiation, and
most cannot maintain their undifferentiated state (Yamane et al., 2005;
100 K. Yamagata et al. / Developmental Biology 346 (2010) 90–101Ying et al., 2003). Together, these results suggest that ESCs and
pluripotent epiblast cells are inherently fragile and have the potential
to apoptose spontaneously if themicroenvironments around the cells or
the cells themselves are in an inappropriate condition. Thus, apoptosis
can be considered as a mechanism for scavenging inappropriate cells
during ESC derivation (Fig. 7B). Consistent with this notion, forced
expression of antiapoptotic protein Bcl-2 enhanced the viability and
self-renewal activity of mouse ESCs in serum-free conditions (Yamane
et al., 2005).
In contrast, 3i medium is thought to act as an inhibitor for
differentiation and keeps the epiblast cells in an undifferentiated
state (Ying et al., 2008) and it is unlikely that 3i acts directly on the
anti-apoptosis signaling cascade. Thus, it can be considered that in
the 3i method, all the Oct4-positive epiblast cells maintained their
undifferentiated state, had the ability of differentiation into
authentic ESCs and did not cause apoptosis. We do not at present
know the molecular mechanisms by which the 3i compounds affect
cellular viability, but this observation may explain why these
chemicals are so effective in ESC derivation; since they strongly
protect the cells from death and eliminate the static period
observed in the conventional method of ESC derivation. The phase
of apoptosis observed in the conventional method may be one of
the major reasons for its low success rate in establishing authentic
ESCs, and could also be the reason for the inability of those using
the conventional method to establish authentic ESCs from nonper-
missive mouse strains (Buehr et al., 2003; McWhir et al., 1996).
Therefore, it is important for future studies to perform an in-depth
investigation of how each of these chemicals contributes to the ESC
derivation process.The origin of the ESCs
There is a heateddebate as towhether all or only a restrictednumber
of epiblast cells have the ability to become ESCs (Brook and Gardner,
1997). Fromourmovie, it seems that all the epiblast cells proliferated to
form colonies in 3i medium. Thus, we propose that the origin of ESCs is
not restricted to particular cells in the embryonic ICM, but rather that all
epiblast cells are competent to become ESCs as long as their
undifferentiated state is properly sustained. This notion is consistent
with the recent ﬁndings of Nichols and colleagues (Nichols et al.,
(2009b)), althoughwe still do not knowwhether ESCs are equivalent to
epiblast cells of ICM or correspond to a different type of embryonic cells.
Moreover, there is a possibility that epiblast cells transit through a
different cell state (such as primordial germ cells) during the derivation
process before becoming ESCs (Tang et al., 2010; Zwaka and Thomson,
2005). Thus, there is a strong need to visualize ESC derivation process
using different reporter systems for further investigations.Acknowledgments
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